We report on perfect transmission in two-dimensional plasmonic matamaterials in the terahertz frequency range, in which zeroth order transmittance becomes essentially unity near specific resonance frequencies. Perfect transmission may occur when the plasmonic metamaterials are perfectly impedance matched to vacuum, which is equivalent to designing an effective dielectric constant around 2 r ε = − . When the effective dielectric constant of the metamaterial is tuned towards r ε and the hole coverage is larger than 0.2, strong evanescent field builds up in the near field, making perfect transmission possible. 
Introduction
One way to view vacuum is to interpret it as a medium with an impedance of in MKS units) through which an electromagnetic wave with its oscillating electric field E x and magnetic field H y along the x and y directions respectively, propagates along the z direction [1] . The electromagnetic wave does not reflect or scatter, because it is perfectly impedance matched to vacuum and the transmission is 100%. Needless to say, when a layer of dielectric or metal interrupts vacuum, the impedance deviates from 0 Z . Traditionally, in planar structures, impedance matching to 0 Z is achieved by having stacks of dielectric layers (anti-reflection coating) or by varying the thickness of a dielectric thickness embedded between partially reflecting mirros (Fabry-Perot interferometer).
The anomalous optical properties of diffraction gratings have attracted much interest since the classical studies of Wood [2] [3] [4] [5] and are intimitaly connected with the excitation of surface bound waves on the metal-dielectric interface. Thereafter transmission properties of grids have been studied in the microwave range [6] [7] [8] [9] . Recently, this field has experienced a new boost since Ebbesen et al. discovered the extraordinary transmission through two dimensional arrays of nano-holes in thin metal films [10] . This also becomes an interesting research topic in the terahertz and microwave ranges [11, 12] . Since the upper limit for this linear transmission is 100%, the natural question arises as to whether tailoring such plasmonic metamaterials towards perfect transmission is possible. Until now, a few groups have theoretically predicted perfect transmission in plasmonic materials with no loss [13] [14] [15] [16] [17] [18] [19] [20] [21] . Recently nearly perfect transmission has been observed, but presumably above the cutoff frequency where strong surface field may not exist [22] . To a large extent, this quest for perfect transmission in metamaterials is triggered by the desire to design novel optical filters, possibly with ultrafast switching characteristics.
Experiments and theory
In this paper, we investigate surface plasmonic metamaterials in two dimensions: thin metal layers, perforated with periodic arrays of square and circular holes [ Fig. 1(a) ], in a effective medium [ Fig. 2(b) ] converted by an effective surface impedance in the structures where their effective impedance is matched to vacuum so that the transmission becomes close to 100% [ Fig. 1(c) ]. We demonstrate that for arrays of square holes, the effective impedance can become close to 1 when the coverage of the holes is larger than about 19% at a frequency slightly smaller than the first Rayleigh minima
, where d is the period and c the speed of light in vacuum. Under this condition, there is a large build-up of the evanescent field intensity at the surface, which makes the effective impedance essentially unity. A femtosecond laser machining system was used to fabricate arrays of sub-wavelength holes on aluminum plates [ Fig. 2(a) ] [23] Our experimental setup starts with coherent terahertz (THz) waves in the range of frequency f=0.1 to 2.5 THz, generated by a semiinsulating GaAs emitter biased with a 50 kHz and 300 V square voltage and a standard THz time-domain spectroscopy system [ Fig. 2(b) ] with a ZnTe crystal as a detector [24, 25] . When necessary, pulse-shaping methods in addition to insertion of secondary mechanical phase masks in the THz beam pathway are used to generate quasi-monochromatic THz sources [26] . Shown in Fig. 2 (c) are time traces of the incident THz beam (solid line) and transmitted beam (red line). Fourier transformation of these time traces results in the amplitude spectra shown in Fig. 2 
(d).
In the THz region, the dielectric function of most metals, including aluminum, can be described phenomenologically to within experimental error with a Drude-model dielectric function for the electron gas and the real and imaginary parts of dielectric constant are roughly of the order of about -30000 and 100000, respectively [27] . Therefore, the ohmic loss fraction, which is of the order of λ δ , with δ being the skin depth and λ the wavelength, is only 0.1% or less. This makes any metal in this frequency range essentially a perfect conductor with negligible loss. The array structures investigated here have square and circular holes with periods d of about 400 µm and a sample thickness of about 17 µm, but varying hole diameters. Figure 3 In the following we compare our experimental results to a phenomenological model for impedance matching in plasmonic metamaterials. The idea is to have a simplified model that can give some insight into the underlying physics without the need for mathematically rigorous solutions of Maxwell's Eqs. What is essential is an easy framework to estimate the average in-plane electric field at the out-going surface, which is the zeroth order diffraction term. This is the only Fourier term that survives into the far field, and therefore directly determines the transmittance: the larger the zeroth order surface field is, the larger the transmittance is. Recent theoretical work by Pendry et al. [28] proposing designer or spoof surface plasmons gives such framework, because it gives an easy way to estimate a phenomenological effective dielectric constant, which in turn determines the surface electric field strength through an effective surface impedance. The square holes confine electric field along both x and y directions, which introduces a cut-off frequency for the wave-guiding modes inside the holes. In ref. [28, 29] , this cut-off frequency acts as an effective plasmon frequency for the imaginary, flat and imperfect metal surface that mimics the perforated metal film. Its effective dielectric constant in then given as: Applying Eq.
(1) to our square-hole samples, we obtain the effective dielectric constants as a function of frequency, as shown in Fig. 4(a) . It is clear that at any given frequency, eff ε − decreases rapidly with increasing coverage. This has an important implication on the in-plane surface electric field, which is related to the incident magnetic field through the surface impedance. In general, the surface impedance is given by Eq. (2) in Ref. [30] and Eq. (9) in Ref. [31] :
where m ε is the real part of the dielectric constant of the metal, which is negative . The surface impedance of the fictitious, flat poor metal surface is then given by:
where eff ε follows from by Eq. (1). It is important to note that:
in which case we may claim that our structure has been impedance matched to vacuum and we may anticipate perfect transmission. From Eqs. (1) and (4), one sees that the holeperforated metal film may become transparent at a frequency t f given by: Eq. (5), however is only a necessary but not a sufficient condition for the perfect transmission, because for the concept of designer surface plasmon to be valid, and to be able to have a large build-up of surface field, t f should be less than /
Applying this condition of evanescence, the model predicts that in order to have a 100% peak transmission efficiency, the coverage needs to be larger than 0.19, as seen in Fig. 4(b) . We note that while the model assumes square hole samples, it should be also applicable without major modifications to circular hole samples, which also show perfect transmission at a coverage of about 0.3 (Fig.  4(c) ),. We now discuss how the transmittance changes as a function of β.
Shown in Fig. 4(d) is the peak transmittance near the surface plasmon peak around 0.66 THz versus the coverage for the square hole samples (filled squares) and also for the circular hole samples (filled circles). The peak transmittance indeed becomes close to unity for a sample coverage (3) at 0.66 THz and is in good agreement with experiments. Since the transmittance cannot exceed unity, we truncate our calculation at 1 . It is also important to note that the effective dielectric constant eff ε indeed ranges from -1.5 and -2 at the peak frequencies where the experimentally measured transmittance is near unity, further supporting the validity of our model.
Finally, we comment on the limits of our simplified theory. Our theory is designed to address the experimental aspect of perfect transmission in two-dimensional arrays of square and circular holes, especially the intriguing dependence on coverage. It gives an easy and insightful way to estimate, in the fashion of ref. [27] , the surface electric field that determines the ultimate transmission. It cannot, for instance, allow for the extremely sharp peaks of 100% transmittance theoretically predicted by many authors [19] [20] [21] both for two-dimensional holes and for one-dimensional slits of arbitrarily small coverages. These extremely sharp peaks are difficult to observe in real samples mainly because the finite sample size, finite range of timetrace, and sample inhomogeneity effectively limit the spectral resolution.
Conclusion
In conclusion, we have experimentally demonstrated invisibility of plasmonic metamaterials at specific wavelengths for the arrays of square and circular holes punctured in metal films in the THz frequency range. The sample coverage is the critical parameter in the observability of perfect transmission. We have introduced the concept of impedance matching surface plasmonic materials to vacuum thereby ensuring nearly perfect transmission. The invisibility of these metamaterials could have important applications: for example, they can be used as a perfect transmission filter with no loss and also to realize perfect transmissive waveguide with sub-wavelength geometries.
